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Abstract
Already in 1997, 8 years before the expected commissioning date of the LHC, the design of
the detectors for the orbit system has to be completely terminated.
The paper describes the BPM design highlighting the chain of arguments that have led to
this particular solution.
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completely terminated.
The paper describes the BPM design highlighting the
chain of arguments that have led to this particular
solution.
1.  SPECIFICATIONS
1.1 Reliability: For the LHC orbit system it is
foreseen to install a beam position monitor at every
second lattice quadrupole in the arcs. Each position
monitor will read both planes. This adds up to about
950 monitors at cryogenic temperature. Once the
monitors are installed they will be welded to an inner
liner of the vacuum system (the so called beam
screen), which is an about 6m long tube inside the
vacuum pipe. It will be impossible to exchange a
complete BPM in situ and hence for a repair a whole
short straight section including the quadrupole would
have to be lifted onto the surface. From this it is clear
that the most important design criteria is mechanical
and electrical reliability of the components and in
particular of the electrical connections.
1.2 Cryogenic load: About 950 monitors measuring
in two planes represent a little less than 4000 coaxial
signal cables from the pickup through the insulation
vacuum to the outside world. These cables can
represent a considerable load to the cryogenic system
and hence they are optimised for minimum heat
conduction, but at the same time preserving
acceptable high frequency performance for the
signals.
1.3 Alignment: The requirements for the precision
of the mechanical offsets to the magnetic quadrupole
axis are quite relaxed as for most other proton
machines. A tolerance of 500 µm rms has been
specified, which can easily be met by standard
production and alignment techniques. Table 1
summarises the situation and lists the dominant
contributions to the total expected alignment error of
300 µm rms.
In order to verify the quality of the alignment and for
the case that at a later stage in the exploitation of the
LHC a higher precision is demanded, installations
are foreseen to measure the alignment with the
beams (k-modulation technique) [1]. The precision
by what the offset can be determined this way is of
the order of 30 µm.
Description index Tolerance
Support Installation
Alignment error of BPM
support
A1 ± 200 µm
Mechanical Tolerances of
Support itself
A2 ± 100 µm
Introduction of cold
mass into cryostat
Creation of new fiducials
on the cryostat
A3 ± 100 µm
Introduction of the BPM
into the cold bore
Concentricity, Mechanical
errors cumulated
A4 ± 50 µm
Difference between
magnetic and optical axis
A5 ± 100 µm




Table1: Description of various sources of alignment
errors of the LHC orbit monitors compared with the
acceptable alignment error
2. Choice of Button Electrodes
 2.1 Expected signal levels: The sensitivity limit of
the signal processing electronics together with the
requirement of obtaining better than 1mm precision
for trajectory (single pass) measurements dictate the
minimum signal to be obtained of the pickups.
The original design was based on strip line couplers
in order to deliver ample signal for a compensation
of cable losses, as the signal treatment electronics
was located up to 700 m far from the pickups. In
1996 it became clear that the radiation levels in most
parts of the ring will be so low that the installation of
distributed electronics will be possible.
A button electrode of 24 mm diameter, that is the
maximum of which four pieces can reasonably be
fitted on a beam tube of 44 mm diameter, has a
broadband transfer impedance of about 1.5 Ω, to be
compared to about 8 Ω for a 20 cm long and 13 mm
strip line in a coupler. Table 2  summarises the range
of bunch and beam intensities to be covered by the
orbit system. More details on LHC filling schemes
can be found in [2].
Parameter Pilot Nominal Ultimate
Particles/bunch 5*10 9 1.05*10 11 1.66*10 11
No. of bunches 1 2835 2835
Beam current 9 µA 0.53 A 0.85 A
Table 2: Number of bunches and intensities for three
different filling schemes of the LHC.
The electrical signal from the minimum bunch
intensity of the pilot beam (foreseen for
commissioning and set-up) has to be matched to the
input sensitivity of the analog electronics. A transfer
impedance of 1.5 Ω as quoted earlier yields a total of
about 900 mV peak to peak for this bunch intensity
and a bunch length of 0.5 ns (rms). After appropriate
lowpass filtering the signal level reduces to about
100 mV peak to peak, which gives a security margin
of 6...9 dB compared to the sensitivity limit of  the
following electronics. The actual choice of this
electronics has not yet been done, but irrespective of
choosing a logarithmic amplifier or a normalising
circuit as in the case of LEP [3] sensitivity limits of
about 20 mV peak to peak can be achieved.
2.2 Control of reflections: The analog electronics
receiving the button signals should work with a
higher bandwidth than 40 MHz (25 nsec bunch
spacing) and will cover the dynamic range in bunch
current without switching gains. This requires a tight
control of signal reflections. In order to achieve this
the analog electronics will be mounted at short cable
distance on the outside of the cryostat. A lowpass
with two Zobel networks as shown in figure 1 can be
used to assure broad band signal termination.  Such a
circuit produces reflections at the level of  0.2%, in
case the output load is a perfect broadband 50Ω
termination and the reflections increase to 3.0...3.6%
in case the VSWR of the following device (most
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Fig.1: Low pass filter with broadband input
impedance matching.
2.3 Details of the mechanical design: Figure 2
shows a detailed drawing of the button feedthrough.
It should be noted that the surface of the buttons is
shaped as a segment of a circle in order to be flush
with the vacuum chamber surface.
Fig.2: Drawing of the button feedthrough pickup.
Four button feedthroughs are mounted as shown in
figure 3 onto the vacuum chamber. From the density
of the installation it should be clear that 24 mm is the
maximum button diameter that can be fitted onto a
44 mm diameter tube. The vacuum tightness is
assured by helicoflex washers and the button
feedthrough is fixed by screws onto the monitor
block. Although the access in situ to the monitor
block will be very difficult the fixing with screws
gives the possibility of repairing broken buttons.
Fortunately the experience from LEP shows that
these interventions are only needed very rarely.
Fig.3: Cross section of an LHC button monitor
showing the four pickup electrodes in position.
2.4  Expected linearity:
At present there is no prototype monitor available in
order to perform measurements on it. But the
geometry of the LHC button monitors is similar top
the 100 mm diameter LEP circular monitors, which
are used at several locations. By simple scaling of the
geometrical dimensions an estimate of the expected
linearity for the LHC monitor can be obtained. After
applying a 6th order polynomial correction the
residual linearity error within 50% of the aperture is
estimated to be below +/- 20 µm.
3.  Integration into machine
3.1 Cryogenic cables:
 The cryogenic cables have to fulfil somewhat
contradictory specifications. On one hand they
should have excellent signal transmission quality for
high frequencies, which demands good electrical
conductors, on the other hand they should conduct
heat at the least possible level. Fortunately the total
amount of electrical power delivered by the button
monitors even in case of the ultimate beam current is
very small, such that a stainless steel cable with thin
copper cladding can be used. The electrical losses in
that cable are completely negligible and the total
cryogenic load due to one connection is estimated to
be 58 mW for the ultimate beam current. More
details on these calculations can be found in [4].
Figure 4 summarises the technical specifications for
the cryogenic cable.
Outer conductor stainless steel  ø 3.58  
with inside copper lining 100µm 
Sintered Silicon Oxyde  ø 2.87 mm 
Inner conductor: stainless steel rod 0.94 mm 
            with 40µm copper plating 
Impedance       50±1   •   
Length       1300    mm 
Relative phase between pairs   10   ps 
VSWR at 200 MHz            0.01   dB 
Attenuation at 200 MHz (with Cu)  0.148  dB/m 
 
Thermal caracteristics for one cable  1.3 m long 
Conduction at 5K  with Cu    58   mW 
Conduction at 5K  without Cu   8   mW
Fig. 4: Illustration of the cryogenic coaxial cable
with detailed technical specifications.
For illustration, figure 5 shows a drawing of the two
adjacent position monitors inside their support
structure and already assembled to the cold mass of
the quadrupole.
3.2  Time Schedule:
Ten sample pieces of vacuum button feedthroughs
and cryogenic cables will be ordered from different
firms by the end of 1997. This should lead to
qualification tests by end of October 1998. Two
prototype BPMs for a test string have to be delivered
by march 1999. For the production phase the delivery
of 4000 pieces is scheduled for march 2000 to June
2001.
Fig. 5: Drawing of two complete beam position
monitors in their support structure on the cold mass
of the quadrupole.
4.  Summary
Button type monitors have been chosen for the LHC
orbit system. The signal amplitudes after are high
enough not to limit the choice for the following
signal treatment electronics. The dynamic range in
signal amplitudes for all bunch intensities and
position variations in 50 % of the aperture is small
enough to be covered without gain switching. This
demands good control of signal reflections, which
will be obtained by proper broad band signal
matching and an installation of the analog
electronics very close to the detectors within a total
of 2 m cable length on the surface of the cryostat.
Semi rigid stainless steel cables with sintered silicon
oxide as insulator will be used to transport the
signals inside the cryostat.
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